Rearing conditions may exert profound effects on individual performance, however, effects manifested after independence and recruitment are seldom considered. Here, we examine the long-term fitness consequences of rearing conditions in the collared flycatcher, a species where rearing conditions have sex-specific effects on nestling growth (with greater effects in males) but not on morphology at fledging. We performed a brood size manipulation experiment and followed the recruits during their local lifetime. Brood size manipulation did not influence recruitment probability. However, the experiment had a sex-specific effect on the number of eggs the recruits had during their entire lifetime. While reproductive output was unaffected by rearing conditions in females, males reared in enlarged broods were outperformed by males reared in reduced broods. This effect was mediated by the number of years, in which the recruits were recaptured. Interestingly, at their first reproductive event, recruits from reduced broods bred later. In the study, we controlled for paternity and found that extrapair young had fewer eggs than within-pair young at their first reproductive event but not during their whole local lifetime. In general, our results show that first, long-term effects of rearing conditions are not necessarily detectable by looking at recruitment probability only. Second, the sex that is more affected by rearing conditions in the short-term seems to be the one that is more affected in the long-term as well. Third, short-term sex-specific environmental sensitivity may have predictive value for fitness consequences even if the sex difference that is apparent during development vanishes by fledging.
INTRODUCTION
In altricial birds, brood size manipulation has been routinely used to mimic differently hospitable rearing environments for the offspring since the early days of avian population biology (von Haartman 1954) . Experimentally enlarged broods have been shown to be unfavorable for the offspring in a wide range of species. Nestlings in these broods were outperformed, in terms of fledging size, body condition, and immune response, by the nestlings that were raised in experimentally reduced broods (e.g., barn swallow Hirundo rustica: Bonisoli-Alquati et al. 2008 , blue tit Cyanistes caeruleus : Pettifor 1993; Blondel et al. 1998; Fargallo and Merino 1999; Råberg et al. 2005; Dubiec et al. 2006 , collared flycatcher Ficedula albicollis : Merilä 1997; Doligez et al. 2002; Török et al. 2004; Rosivall et al. 2010; Voillemot et al. 2012 , great tit Parus major: Rytkönen and Orell 2001; Horak 2003 , Eurasian kestrel Falco tinnunculus: Fargallo et al. 2002 , house wren Troglodytes aedon: Bowers et al. 2015 , and spotless starling Sturnus unicolor: Gil et al. 2008) .
Despite the great number of experimental studies that aimed to investigate the importance of rearing conditions for the offspring, there are 3 relatively understudied aspects. First, potential sex-specific effects are often overlooked, although the sexes are expected to respond differently to environmental conditions for many reasons. It has been suggested that males and females may differ in their sensitivity to early environmental conditions because of genetic and hormonal differences (Trivers and Willard 1973; Zuk 1990) . Male and female offspring may also have different competitive abilities to exploit the provisioning of their parents (Oddie 2000; Saino et al. 2008; Bonisoli-Alquati et al. 2011) . Furthermore, because males and females differ in their life-history, they may use different allocation strategies so that they prioritize different physiological functions or life-history components during environmental challenges (Tschirren et al. 2003 ; Dubiec et al. 2006 ). As these sex-specific effects may cause difference in the fitness payoff of males and females, sex-specific environmental sensitivity is worth keeping in view, especially in those species that seem to be able to facultatively produce male and female offspring in response to the quality of the prevailing environment (Hasselquist and Kempenaers 2002; Szász et al. 2012) . Second, morphology and condition of the offspring are usually measured at the end of the nestling period only and the developmental trajectory of the offspring is not quantified. However, different developmental trajectories may have different long-term effects on fitness even if they result in the same fledging phenotype (Metcalfe and Monaghan 2001; Monaghan 2008) . This is perhaps due to a permanently altered metabolism and physiological allocation pattern (Lee et al. 2012) . Third, quality at fledging is thought to be an important determinant of adult quality, survival, and reproductive success (Lindström 1999) . Therefore, to properly evaluate fitness consequences, studies following the individuals throughout their lifetime would be essential. Still, most studies follow the individuals raised in the experimental broods only until fledging or the following year.
The present study is a follow-up of our earlier brood size manipulation experiment on collared flycatchers (Rosivall et al. 2010) . Our earlier study showed that nestlings of both sexes, when raised in enlarged broods, grew wing feathers and gained body mass slower and as a result, were smaller and lighter at fledging than nestlings raised in reduced broods. However, we detected sex-specific effects of the brood size manipulation on growth trajectories. Male nestlings grew faster in reduced broods, while they tended to be outperformed by female nestlings in enlarged broods, suggesting that males were more sensitive to rearing conditions. At fledging, the sex-specific effects of manipulation were no longer apparent in morphology. In the present study, we examined the fitness consequences of the brood size manipulation while bearing the above-listed issues in mind. First, we considered sex-by-manipulation interactions on fitness. Second, we followed the recruits that fledged from the sizemanipulated broods over their entire local lifetime. What makes the present study particularly exciting is that we can learn whether the sex-specific effects of brood size manipulation that appeared during development but vanished by fledging had fitness consequences. In particular, we examined the recruitment of individuals fledged from the size-manipulated broods and their reproductive performance both during their first recorded breeding event and during their local lifetime. Based on our earlier findings about the short-term effects of rearing conditions (Rosivall et al. 2010) , we expected that fitness of recruits from reduced broods will be smaller than that of recruits from enlarged broods and that long-term effects of the brood size manipulation will be more pronounced in males than in females.
Though collared flycatchers are primarily socially monogamous, females do engage in extrapair copulations (Rosivall et al. 2009 ). Paternity had no short-term effect on individual performance in our study population, neither in case of nonmanipulated (Rosivall et al. 2009 ) nor in case of size-manipulated broods (Rosivall et al. 2010 ) but it could still have an effect in the long-term (Sardell et al. 2011; Sardell et al. 2012; Hsu et al. 2014) . Therefore, we controlled for the possible effect of paternity throughout the present study.
METHODS

Data collection
Field data were collected in a nestbox-breeding population of the collared flycatcher in the Pilis Mountains, Hungary (47°43′ N, 19°01′ E). The collared flycatcher is a small, migratory, insectivorous, hole-breeding passerine that breeds in deciduous forests in Europe. Males start to arrive at the breeding site in the middle of April, while females arrive a few days later. Females usually lay 1 clutch per breeding season. In the main part of the breeding season, clutches contain 3-9 eggs (most commonly 6-7 eggs) that hatch approximately 12 days after clutch completion. Nestlings start to fledge from day 14 onwards. Incubation of the eggs is the sole duty of the female parent, while provisioning of the nestlings is shared between the 2 parents. Adults usually breed in 1 or 2 years but their reproductive lifespan can be 7 or 8 years or exceptionally, even longer (Sendecka 2007, our unpublished data) .
To mimic differential rearing conditions, we carried out a brood size manipulation experiment in 2004, where reduced broods represented favorable and enlarged broods represented unfavorable rearing conditions. On the second day after hatching, we cross-fostered 25 pairs of broods that were matched for hatching date and original brood size (except for 2 pairs with 1 nestling difference). In particular, we moved 4 nestlings from brood A to brood B and 2 nestlings from brood B to brood A. The procedure resulted in reduced (-2 nestlings) and enlarged (+2 nestlings) broods with an approximately equal number of own and foster nestlings (Merilä 1997) . The experiment was carried out in a short period (hatching date was between 17 and 25 May) to avoid possible seasonal effects. Because we aimed to maximize the number of recruits from size-manipulated broods and broods that were matched for hatching date and brood size were limited, we did not create cross-fostered, size-unmanipulated broods (i.e., control group). However, when we conducted analyses by including a group of broods that hatched within the date interval of the size-manipulated broods and were not manipulated at all, the results we present below did not change qualitatively and the interpretations remained the same (see the Supplementary Material for the details). Each nestling was marked individually on the day of swapping by clipping tufts of down from their head and back and on day 8, they were banded with individually numbered aluminium rings. We collected a small blood sample (approximately 15 μL) from each nestling at the age of 10-12 days for molecular sex determination and paternity analysis. The protocol of the molecular sex determination and the paternity analysis has been validated and described in detail earlier (see Rosivall et al. 2004 Rosivall et al. , 2009 . From the 50 experimental broods, 5 that were predated and 2 that were only attended by the female parent were omitted, thus we had 22 reduced and 21 enlarged broods (with 98 and 171 nestlings, respectively) in the statistical analyses. We had to exclude a further 6 nestlings, for which paternity was missing because they were reared in biparental broods but originated from broods where the male parent could not be captured. Sex ratio and the proportion of extrapair young did not differ between reduced and enlarged broods (F 1, 41 = 0.060, P = 0.803 and F 1, 261 = 1.711, P = 0.192, respectively).
Ever since the experiment, we have systematically inspected the arriving and breeding birds in every year. Therefore, we had reliable recapture data on the individuals fledged from the sizemanipulated broods (the last relevant recapture was in 2009). We captured the recruiting birds in the nestboxes with spring traps during the courtship or the nestling feeding periods. For the breeding individuals, data on clutch initiation date, clutch size, and breeding success were collected in each year of recapture.
Data analysis
Long-term effects of the brood size manipulation experiment were examined by analyzing the following aspects of individual performance. 1) Local survival: We investigated whether the manipulation affected the recapture probability of offspring fledged from the size-manipulated broods (used as a binary response variable, i.e., recaptured at least once/not recaptured). 2) Reproductive performance both in the first year of breeding (when the largest effect of the manipulation is expected) and over the entire local lifetime: In recruits that fledged from the size-manipulated broods and bred at least once, we investigated whether the manipulation affected 1) the age at first breeding (used as a binary response variable, i.e., yearling or older), 2) the date of the first breeding (we used the laying date of the first egg relative to the median laying date of the given year as a continuous response variable), 3) the size of the first clutch (used as a continuous response variable), and 4) the lifetime number of eggs (used as a quasi-poisson response variable as the model was over-dispersed [dispersion parameter = 4.211]). In the last 2 points (3 and 4), we focused on the number of eggs rather than the number of fledglings because we worked over a quite long period and unfortunately, some of the broods of the focal recruits suffered predation after clutch completion or were subject to an experiment that could influence the number of fledglings. The number of eggs strongly predicted the number of fledglings in the study years (2005) (2006) (2007) (2008) (2009) , when the focal recruits bred (F 1, 571 = 147.453, P < 0.001).
All analyses were run in R statistical environment (version 3.1.1.; R Core Team 2014). In the case of continuous response variables, we ran general linear models using the '"lm" function and in the case of binary and quasi-poisson response variables, we ran generalized linear models using the "glm" function of the "lme4" package (Bates et al. 2015) . The explanatory variables were manipulation (reduced or enlarged brood), sex, and the 2-way interaction of sex and manipulation (because we a priori expected sex differences based on our previous study; see the Introduction section). In all analyses, we controlled for paternity by classifying the offspring as within-pair young from pure-paternity broods (pWPY), within-pair young from mixed-paternity broods (mWPY), and extrapair young (EPY). All statistical models proved to be adequate as model residuals were normally distributed in the case of continuous and poisson models. Original and foster brood identity were entered as random effects in each of the statistical models both separately and simultaneously (using the "lmer" and "glmer" functions of the "lme4" package; Bates et al. 2015) and then likelihood ratio tests were applied to compare the fit of the linear and linear mixed models (Bolker et al. 2009 ). In none of the models did the inclusion of either original or foster brood ID as random effect improve model fit. Therefore, we present the linear models without random effects for simplicity. Significance of the explanatory variables was assessed with Type III sums of squares using the "Anova" function of the "car" package (Fox and Weisberg 2011) . Starting from the full model, nonsignificant variables were eliminated step by step starting with the interactions and the terms with the highest P value. Only significant variables or those included in significant interactions were retained in the final model. Removed variables were re-entered to the final model one by one to test their statistical significance (Hegyi and Laczi 2015) . If no variable was retained in the final model, we tested the explanatory variables in the null model one by one (except for the interactions which were tested together with their constituent variables). We present F-statistic values for each explanatory variable and effect size (Pearson's correlation coefficient r) with 95% confidence intervals (CI) calculated from F values according to Rosenthal (1994) .
RESULTS
Local survival
From the 263 offspring that had been reared in the manipulated broods, 43 were recaptured as adults (Table 1 ). The 16.35% recruitment rate of the manipulated broods is similar to the 15.47% recruitment rate of nonmanipulated broods rearing 6-7 offspring of the same study year and laying date period. Thus, it seems that our field procedures had no negative effect on recruitment rate and our sample was representative of the population. We found that the manipulation of brood size did not affect whether an offspring was recaptured or not (Table 2 ). Sex and paternity of the offspring were also not related to recapture probability (Table 2) .
Reproductive performance
From the 43 recaptured individuals fledged from the size-manipulated broods, 41 bred at least once (Table 1) . Brood size manipulation did not affect whether an individual started to breed in its first year or only later but there was a relationship between the manipulation and the within-season timing of the first breeding of the recruits (Table 2) . Recruits from reduced broods started their clutch later than recruits from enlarged broods (Figure 1) . Size of the first clutch of the recruits was not affected by brood size manipulation (Table 2) . However, the manipulation had a significant sex-specific effect on the number of eggs the recruits or their social partners produced during their whole local lifetime (Table 2) (Table 2) . Table 1 The effect of brood size manipulation (-2/+2 nestlings) and sex on recapture probability of collared flycatchers Total  Female  Male  Female  Male   Reduced  8  7  42  39  96  Enlarged  11 a  17 a  71  68  167  Total  43  220  263 The cells show the number of individuals. a One of them was captured during the courtship period and eventually, did not breed. 
Recaptured Nonrecaptured
DISCUSSION
In an earlier study (Rosivall et al. 2010) , we showed that rearing conditions had significant effects on nestling performance as offspring reared in experimentally enlarged broods grew slower and just before fledging, they were smaller, lighter, and had shorter wing feathers than offspring reared in reduced broods. Importantly, the effect on growth was sex-specific. Male nestlings developed faster than female nestlings in the reduced broods, while they tended to develop slower in the enlarged broods, suggesting that males were more responsive to early environmental conditions. Though the sex-specific effects vanished by fledging (Rosivall et al. 2010 ), here we showed that the greater sensitivity of males to rearing conditions seemed to have long-term fitness consequences. Although we found no sex-by-manipulation interaction in terms of recruitment probability, there was a sex-specific effect of the brood size manipulation on lifetime reproductive output. Specifically, males fledged from experimentally enlarged broods had a lower lifetime number of eggs than males fledged from experimentally reduced broods. In females, lifetime egg number was unaffected by the experiment. The lack of pattern in overall recruitment probability suggests that results obtained for the recaptured offspring are unlikely to be confounded by differential dispersal of fledglings depending on our treatment or their sex and paternity. Our findings have 3 important implications. First, following the individuals only until their first potential reproductive event may not be sufficient to uncover the effects of rearing conditions on fitness. Second, rearing conditions seem to be more important for male collared flycatchers regarding their future performance than for females. Third, sex difference in the trajectory of early growth may have lifelong consequences even if it does not lead to observable difference in phenotype at independence.
Lifetime reproductive success (LRS) of an individual is mainly determined by the number of its reproductive events (CluttonBrock 1988) . Although, unfortunately, our closest available estimate of LRS was the lifetime number of eggs, our results suggest that males reared under unfavorable conditions realized reduced LRS. To find out whether the sex-specific effect of our brood size manipulation on lifetime egg number was mediated by the number of reproductive events, we analyzed the total number of years, in which a recruit was recaptured in response to our experiment in males and females separately (running generalized linear models with quasi-poisson error applied to the x-1 transformed recapture number; e.g., Schmoll et al. 2009; Sardell et al. 2011) . We found that male recruits from enlarged broods came back fewer times than male recruits from reduced broods (F 1, 22 = 4.822, P = 0.0389, r = 0.225, CI = −0.196-0.576), while the average number of recaptures of female recruits from enlarged and reduced broods was similar (F 1, 17 = 0.908, P = 0.354, r = 0.424, CI = −0.037-0.736). Furthermore, when we analyzed lifetime egg number corrected for recapture number (i.e., residual lifetime egg number), the interactive effect of sex and manipulation was not significant anymore (F 1, 35 = 1.353, P = 0.253, r = 0.226, CI = −0.127-0.469). We therefore conclude that male recruits from enlarged broods had lower LRS than those from reduced broods due to their shorter breeding lifespan. This conclusion is also supported by earlier results in our study population, namely that in males, the number of recruits produced during lifetime was positively related to breeding lifespan (Herényi et al. 2012) .
Our results on sex-specific sensitivity to rearing conditions are congruent with the results of Wilkin and Sheldon (2009) on great tits, who found that characteristics of the natal territory as proxies of the rearing environment had profound effects on male LRS, while only slight effects on female LRS. Tilgar et al. (2010) also found that the breeding performance of male great tits was affected by the rearing conditions. Males that left the nest heavier had more and heavier fledglings at their first reproductive event, while in females, there were no such relationships. Similarly, in the house wren, the output in the first reproductive season was influenced by body mass at fledging in males only. Male house wrens that fledged with a greater body mass had a higher chance to produce a second brood within their first breeding season and had more fledglings (Bowers et al. 2015) . In contrast, in the blue tit, experimentally enlarged brood size affected the first breeding performance exclusively in females. Female recruits from enlarged broods laid later and smaller clutches than female recruits from reduced broods (Blondel et al. 1998) . Unfortunately, in the last 3 studies, LRS of the individuals was not estimated.
It is particularly exciting that, just like in the collared flycatcher, in all the above-mentioned 3 species, the sex that suffers more from an unfavorable environment in the short-term (in terms of growth or fledging quality) seems to be the one that loses more in the long-term (in terms of fitness). In the great tit, male fledglings were smaller and lighter in experimentally flea-infested nests than in uninfested ones, whereas in female nestlings, the experiment did not have such an effect (Tschirren et al. 2003) . In the house wren, male fledglings were heavier than female fledglings in reduced broods and when they were in age-advantage within the brood, while they seemed to suffer more under poor conditions because an opposite tendency was observed in enlarged broods and when males were in age-disadvantage (Bowers et al. 2015) . In the blue tit, females showed the higher environmental sensitivity because brood size enlargement resulted in a greater reduction in quality (i.e., body size and mass) in female fledglings, than in males (Råberg et al. 2005) . To sum up, sex-specific environmental sensitivity during the nestling stage seems to predict the sex whose fitness is influenced to a greater extent by the rearing environment.
Interestingly, the case of the collared flycatcher suggests that even if the sex-specific environmental sensitivity is detectable during development only (and it becomes undetectable by fledging), The effect of paternity on the clutch size during the first reproductive event of collared flycatchers. Mean, SE (box) and SD (whiskers) are indicated. EPY = extrapair young; mWPY = within-pair young from mixed-paternity broods; pWPY = within-pair young from pure-paternity broods.
it may still have predictive value regarding fitness. In birds, to our knowledge, this is the first experimental evidence for such a sex-specific carry-over effect. At this point, we cannot provide a mechanistic explanation for the link but regardless of whether slow growing nestlings caught up with fast growing nestlings by the prolongation or acceleration of growth, it could ultimately affect the fitness of the individuals, for example, through altered allocation strategy or oxidative damage accumulation (Lee et al. 2012 ).
In addition to the above-mentioned effects of the manipulation, we found that, regardless of sex, recruits from reduced broods started their first clutch later within season than recruits from enlarged broods. The later breeding of individuals reared in reduced broods is a bit challenging to explain. Although, it is plausible that experimentally reduced broods less strongly selected the recruited individuals than experimentally enlarged ones and as a consequence, individuals of inferior quality could also return, the fact that recapture probability was not greater in reduced broods and that male recruits from reduced broods were recaptured more times and had more eggs makes this speculation not very likely. Therefore, more data are necessary to reach a conclusion.
We also found that despite not having short-term effects (Rosivall et al. 2010) , paternity was related to the reproductive performance of the recruits. At their first breeding, extrapair recruits had smaller clutches than recruits of faithful mothers. However, in an even longer term, the difference between extrapair and within-pair recruits disappeared as paternity was unrelated to lifetime egg number. Though, the effect of paternity has been shown to depend on breeding conditions (Schmoll et al. 2005 ) and sex (Schmoll et al. 2009; Sardell et al. 2011; Hsu et al. 2014 ) in other species, our sample size, unfortunately, prevented us from examining paternityby-manipulation and paternity-by-sex interactions. Nonetheless, if there is any fitness consequence of paternity in our study population (it was apparent only in the first year of breeding), it is in concordance with recent findings suggesting that contrary to the hypothetical expectations, extrapair fertilizations result in indirect fitness costs for mothers instead of indirect fitness benefits (Schmoll et al. 2009; Sardell et al. 2012; Hsu et al. 2014) .
To summarize, our data suggest that investigation of recruitment probabilities does not necessarily provide sufficient information about the long-term consequences of rearing conditions because despite similar recruitment rates, lifetime reproductive output may markedly differ between individuals reared in different environments. Clearly, long-term follow-up studies are essential. However, when these are not feasible, due to financial or ecological constraints, environmental sensitivity during the nestling stage seems to provide some hint on the future consequences of rearing conditions. We have to stress that, apparently, measuring the size of the offspring at independence is not sufficient because even if sex-by-environment interactions observed in growth trajectories vanish by fledging, they may still lead to sex-specific fitness consequences. We therefore argue that measuring indices of development may provide important information on the effects of early environmental conditions.
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